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The nuclear level density and the 7-ray strength function have been determined for 43 Sc in the 
energy range up to 2 MeV below the neutron separation energy using the Oslo method with the 
46 Ti(p, a) 43 Sc reaction. A comparison to 45 Sc shows that the level density of 43 Sc is smaller 
by an approximately constant factor of two. This behaviour is well reproduced in a microscop- 
ical/combinatorial model calculation. The 7-ray strength function is showing an increase at low 
7-ray energies, a feature which has been observed in several nuclei but which still awaits theoretical 
explanation. 



11 PACS numbers: 21.10.Ma, 21.10.Pc, 27.40.+Z 

12 I. INTRODUCTION 

13 Network calculations aiming to reproduce isotopic 

14 abundances observed in stars, or predictions of isotope 

15 productions in nuclear power plants require good knowl- 

16 edge of nuclear level densities and 7-ray transition rates 

17 for many nuclei and over a large range of excitation en- 

18 ergies to calculate the relevant cross sections. Up to a 

19 certain excitation energy, it is feasible to perform spec- 

20 troscopic measurements on all individual nuclear excited 

21 states and to determine at least some of their properties. 

22 But at higher excitation energies, the spacing between 

23 nuclear levels may become very small, which does not 

24 allow to resolve all individual levels. A continuing effort 

25 has since long been devoted both in experiment and the- 

26 ory to the study of level densities and 7-ray strengths 

27 function also in this region of quasi-continuum. Despite 

28 these efforts, the amount of available experimental data 

29 is relatively small. Therefore, network calculations often 

30 have to rely on models to compensate for the lack of mea- 

31 sured values, and models are difficult to validate without 

32 experimental data to compare with. 

33 The nuclear physics group at the University of Oslo has 

34 performed many experiments using the Oslo method to 

35 determine nuclear level densities and 7-ray strength func- 

36 tions of many isotopes throughout the nuclear chart [1- 

37 6]. In the present work, the Oslo method has been used 

38 for the first time on a nucleus produced in a (p, a) reac- 

39 tion to determine the level density and the 7-ray strength 

40 function of 43 Sc. Previously published data for 45 Sc [2], 
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41 produced in the ( 3 He, 3 He') reaction, allow the compari- 

42 son of two relatively light isotopes with A A = 2. 

43 In the next section, the experimental setup and the 

44 analysis procedure are described, followed by a discus- 

45 sion of the experimental results in sections III and IV. In 

46 section V, we conclude with a summary. 

47 II. EXPERIMENT AND DATA ANALYSIS 

4a The experiment was performed at the cyclotron labo- 

49 ratory of the University of Oslo. A proton beam with an 

50 energy of 32 MeV impinged on a Ti target of 3 mg/cm 2 

51 thickness with an enrichment of 86% 46 Ti. The main 

52 impurities were 48 Ti (10.6%), 47 Ti (1.6%), 50 Ti (1.0%), 

53 and 49 Ti (0.8%). Eight silicon AE ~ E particle tele- 

54 scopes with a total geometric efficiency of about 1.3% 

55 were placed in forward direction at 5 cm distance behind 

56 the target at an angle of 45° with respect to the beam 

57 axis. The target was surrounded by the 7-ray detector 

58 array CACTUS, consisting of 28 collimated Nal(Tl) scin- 

59 tillator crystals covering about 15 % of 4?t. 

60 Using the specific energy losses in the thin (140 pm) 

61 AE and the thick (1500 pm) E particle detectors, a ejec- 

62 tiles were identified to select the 46 Ti(p, a) 43 Sc reaction 

63 channel. From the known Q-values, the reaction kine- 

64 matics and the energy losses in the materials passed by 

65 the a particles, the initial excitation energies Ei of the 

66 43 Sc nuclei could be reconstructed with an accuracy of 

67 about 700 keV FWHM. 

68 The difference in total energy deposit in the Si detec- 

69 tors between 43 Sc (produced from the main target com- 

70 ponent, 46 Ti) and 45 Sc (produced from the main impu- 

71 rity, 48 Ti) in the respective (p, a) reactions is only about 

72 0.5 MeV for the ground states. With the present experi- 

73 mental setup, it is not possible to separate the reactions 

74 on the two target components and a certain level of back- 
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FIG. 1. (color online) Alpha spectra from the 46 Ti(p, a) 43 Sc 
reaction: Oslo data from one particle telescope (black solid 
line), data from Abou-Zeid et al. scaled a factor of 10 (blue, 
dashed line, from Ref. [8]), and the Abou-Zeid data folded 
with a Gaussian of 700 keV FWHM, and scaled by a factor 
of 40 (red line). 



75 ground from 45 Sc cannot be removed from the spectra for 

76 43 Sc. 

77 From the amount of impurities in the target, one would 

78 expect that the contribution from these impurities should 

79 not exceed w 14%. This assumption is supported by (p, t) 

80 data from the same experiment (see Fig. 2 in Ref. [7]). 
si Here, it is clear that the main impurity is stemming from 

82 (p, i) 46 Ti, which is of the order of 10%. In addition, from 

83 calculations of differential cross sections at 45° for the 

84 (p, a) 43 ' 45 Sc reactions, and from the cross-section data 
as of Ref. [8] , we find no significant difference in neither the 
as absolute value nor the shape of the estimated a spectra. 

87 Therefore, it seems reasonable to believe that the back- 

88 ground from 45 Sc in the present data is of the same order 

89 as the amount of 48 Ti in the target. 

90 A comparison with the Sc a-particle spectrum from 

91 Ref. [8], folded with the present detector resolution, 

92 shows very good agreement for a energies above ps 22 

93 MeV, see Fig. 1. This further indicates that the contri- 

94 bution from 45 Sc is rather small. 

95 We observe deviations between our data and the Abou- 

96 Zeid data for E a < 21 MeV. In particular, this is so for 

97 the peaks centered at ps 21.6 MeV and ps 19.5 MeV in our 

98 data, and the peak at pa 20.7 MeV in the Abou-Zeid data. 

99 The former ones are coming by the 16 0(p, a) 13 N reaction, 

100 as the Ti target had a layer of TiC>2 on the surface. How- 

101 ever, there is no obvious reason for the difference of the 

102 latter peak. Possibly, the different beam energy and scat- 

103 tering angle (our data cover angles between ps 43 — 47°) 

104 could account for the observed deviation. 

105 As a consequence of the 45 Sc contribution, some 

106 smoothing effects on the extracted quantities are ex- 



pected. 

The excited 43 Sc nuclei will emit cascades of 7 rays 
to decay to their ground states. The spectra of these 7- 
ray energies Ej were measured in coincidence with the a 
particles, and a matrix Ei vs. E 1 was constructed after 
correcting for the Nal response function as described in 
[9] . This matrix of unfolded 7-ray spectra was normalized 
such that for each initial excitation energy Ei, the inte- 
gral over all 7-ray energies measured in coincidence with 
this excitation energy equaled the average 7-ray multi- 
plicity observed in this excitation energy bin. The aver- 
age multiplicity was determined as (M) — E i /(E 1 ) with 
the average 7-ray energy (E 7 ) for the excitation energy 

20 bin Ei [10]. The first-generation method [11] was then 

21 applied on this matrix to extract a matrix P containing 

22 the spectrum of primary 7-ray energies for each initial 

23 excitation energy bin Ei. A fundamental assumption for 

24 the first-generation method is that the 7-ray spectrum 

25 emitted from each excitation energy bin is independent 

26 of how the states in this bin were populated - by 7 decay 

27 from higher excited states or by population in the (p, a) 
reaction. 

From the matrix P, both the shape of the level den- 
30 sity p{Ef) and the shape of the 7-ray strength function 
f(Ej) can be extracted as described in [9]. As explained 
32 there, this extraction can only be performed if the 7-ray 
strength function only depends on the 7-ray energy, but 
not on the excitation energy (the generalized Brink- Axel 
hypothesis [12, 13]), and the transition probability from 
an initial state i to a final state / (with excitation ener- 
gies Ei and Ef, respectively) can be factorized into the 
level density at the final state, p{Ef), and the 7 transmis- 
sion coefficient, T(Ei — Et). Furthermore it is assumed 
in the following that dipole radiation is predominant and 
that one can write T{E 1 ) — 2Trf{E 1 )E^. The results ob- 
tained at this point are only the functional forms of p and 
/ in the sense that the matrix P can be equally fitted to 
other pairs of p' and /' obtained by the transformations: 



p'(E f ) = Aexp(aE f )p{E f ) 
f'(Ej = Bexp(aR r )f(R 1 ) 



(1) 
(2) 



145 for any positive values of A, B, and any value of a [9]. 
«6 To determine appropriate values for these coefficients, 
147 the level density and the 7-ray strength function must 
us be normalized using data from other sources. The pa- 

149 rameters A and a were determined using two level den- 

150 sity values: One of them is the counted level density 

151 from discrete-line spectroscopy at low excitation energy, 

152 where it has been assumed that all levels have been ob- 

153 served (green region in Fig. 2). The second one is the 

154 level density derived from resonance spacings at average 

155 energy E n , slightly above a particle separation energy. 

156 This value is extrapolated to lower excitation energies 

157 using a scaled back-shifted Fermi gas (BSFG) model [14] 

158 to bridge the gap between the maximum energy for which 

159 p(Ef) can be determined in the experiment and E n (red 
wo line and region in Fig. 2). While no neutron resonance 
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FIG. 2. (color online) Experimental level density for 43 Sc. 
The experimental curve (blue steps) is normalized to discrete 
levels (green steps, fitted in green region) and to proton res- 
onance spacings (cyan diamond) extrapolated using a BSFG 
model (red line, fitted in the red region). 
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FIG. 3. (color online) Level density comparison. The experi- 
mental level density for 43 Sc (blue steps) is compared to the 
experimental level density of 45 Sc (red steps) [2] and to com- 
binatorial model calculations for these two nuclei (blue and 
red lines for 43 Sc and 45 Sc, respectively) see text. In addition, 
BSFG calculations are included 43 Sc and 45 Sc(blue and red 
dashed lines, respectively). 



161 data are available for Sc, some information on pro- 

162 ton resonances is tabulated in [15]. To perform the 

163 normalization, it has been assumed that the tentative 

164 spin assignments in [15] are correct, and that the distri- 

165 bution of unknown spin-parity values equals the distri- 

166 bution of known spin-parity values. The normalization 
16? point for the level density has then been obtained by 
i6s counting the levels in the excitation energy region around 
169 E n — 7 MeV. The BSFG parameters for the extrapola- 
te tion are the same as used for 45 Sc in [2]: the level density 
m parameter was a = 4.94 MeV -1 , the back-shift parame- 

172 ter Ei = —2.55 MeV. In addition, the curve was scaled 

173 with a factor 77 = 0.585 to match the level density nor- 

174 malization point for Sc as obtained from the proton 

175 resonance data. This particular BSFG parametrization 

176 was chosen to allow a comparison with the data for 45 Sc 

177 from Ref. [2]. 

178 A third normalization point is necessary to fix the pa- 

179 rameter B for the 7-ray strength function scale. If avail- 

180 able, data on the average total radiative width could 

181 be used for this purpose [16, 17]. Such data are, how- 

182 ever, not available for 43 Sc. Therefore, estimated 7-ray 

183 strength function values for 46 Sc have been used in ex- 

184 actly the same way as for Sc in [2]: the normalization 

185 value is the sum of the El and Ml strength function 

186 values for 46 Sc from Ref. [18]. The use of the 46 Sc value 

187 is justified if it is assumed that the 7-ray strength func- 

188 tions for 43 Sc and 46 Sc (and 45 Sc) are not very different 

189 in scale. 



190 III. NUCLEAR LEVEL DENSITY 

191 Figure 2 shows the level density curve obtained for 

192 43 Sc after the normalization as described in the previ- 

193 ous section. The level density normalization point at 

194 E n = 7 MeV is p(E n ) = 375 MeV" 1 with an estimated 

195 uncertainty of Ap(E n ) = 100 MeV" 1 . The uncertainties 

196 for the experimental data points in this figure are esti- 

197 mated mainly based on the number of counts in the Ei 

198 vs. E-y matrices (see [9]). They do, in particular, not 

199 include the uncertainty from the normalization. 

200 In Fig. 3, the experimental level density is compared 

201 to the previously published level density curve for 45 Sc 

202 [2]. It appears that, in logarithmic scale, the two level 

203 density curves are more or less parallel to each other: the 

204 level density for 45 Sc is larger by a factor of about 2 for 

205 a large excitation energy range. A similar behavior has 

206 been found in heavier nuclei: near closed shells, the level 

207 density of nuclei of the same element with masses A and 

208 (^4+2) differs significantly [1, 5, 19]. For mid-shell nuclei, 

209 on the other hand, the level density of AA = 2 neighbors 

210 of the same element is very similar or almost identical in 

211 scale [20, 21]. 

212 It is not obvious where this increase by a factor 2 be- 

213 tween A = 43 and A — 45 originates from. In case of 

214 spherical nuclei with pronounced N = 20 and N = 28 

215 shell gaps, only a few active particles in the / 7 / 2 orbitals 

216 would be responsible for the number of levels, namely 

217 1 7T and 2 v for 43 Sc, and 1 7r and 4 v for 45 Sc. In this 

218 picture, one could expect many more configurations at 

219 one and the same excitation energy for 45 Sc compared to 

220 43 Sc. However, both isotopes have an J 71 " = 3/2+ state 
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Nucleus 




p(En) 


PHFM(-En) 


c 




(MeV) 


(MeV -1 ) 


(MeV -1 ) 




43 Sc 


7.0 


375 


1022 


-0.379 


45 Sc 


9.904 


3701 


11470 


-0.359 



TABLE I. Microscopical model normalization parameters. 
The values for the level density normalization energy, E n , 
and density value, p(E„), for 45 Sc are from Ref. [2], and the 
values for phfm were interpolated from [25] . 



221 just above the 7/2~ ground state, indicating that the 

222 hole orbital is close to the /V/2, which can be explained 

223 by a quadrupole deformation of €2 ~ 0.23 as shown in the 

224 Nilsson single particle scheme of Ref. [2]. These calcu- 

225 lations show a rather uniform distribution of fl v Nilsson 

226 orbitals, and one could expect very similar level densi- 

227 ties for 45 Sc and 43 Sc. On the other hand, it is well 

228 established that 45 Sc exhibits coexistence of prolate and 

229 weakly oblate (nearly spherical) rotational bands [22]. 

230 Since the level density includes all types of configura- 

231 tions with various spins and parities, one has to expect 

232 contributions from both shapes, where the near-spherical 

233 shape might drive towards a large level density ratio and 

234 the deformed shape towards a small level density ratio 

235 between 43 Sc and 45 Sc. The situation is complex and 

236 it is difficult to present simple arguments to explain the 

237 experimentally observed level density ratio of w 2. 

238 Figure 3 includes calculations of level densities for 43 Sc 

239 and 45 Sc using the phenomenological BSFG model. For 

240 these curves, the global parametrization from [23] was 

241 used (which is different from the parameters used for the 

242 normalization in Sec. II and Fig. 2). This parametriza- 

243 tion includes shell effects via nuclear masses, which enter 

244 the calculation of the level density parameter a. The 

245 resulting ratio of level densities is 1.5 at E x = 3McV, 

246 slightly smaller than the ratio of 2 seen in experiment. 

247 Generally, the two BSFG calculations tend to underesti- 

248 mate the level density below E x = 6 MeV. 

249 Figure 3 also includes theoretical level density curves 

250 derived from calculations using the combinatorial HFM 

251 model described in Ref. [24]. These theoretical level 

252 densities were retrieved from Ref. [25]. As explained in 

253 Ref. [24] , a meaningful comparison of the theoretical pre- 

254 dictions phfm with the experimental data p cxp requires a 

255 normalization of phfm to the level density value used to 

256 normalize the experimental level densities at a given en- 

257 ergy E n . Following the normalization recipe of Ref. [23], 

258 we thus determine for both of 43 Sc and 45 Sc a normal- 

259 ization parameter c such that 

Phfm{E„) x exp(c\AE^) = p e x P (E n ), (3) 

260 and then plot in Fig. 3 the normalized values, i.e. 

Phfm{E x ) x exp(c v / K^) (4) 

262 as a function of E x . In Fig. 3, we chose zero pairing shift 

263 and obtained values for c from eq. (3) as listed in Table I. 




FIG. 4. (color online) Gamma-ray strength function for 43 Sc. 
The experimental curve (blue steps) is shown together with 
the 7-ray strength function for 45 Sc (red steps). The normal- 
ization data point from 46 Sc is also shown (cyan diamond). 



264 The normalized HFM curves nearly reproduce the paral- 

265 lei trend of the level density curves and the ratio between 

266 them with a significant increase of the 45 Sc level densities 

267 with respect to that of 43 Sc, but they underestimate the 

268 level densities for both nuclei. The main qualitative dif- 

269 ferences between the HFM calculation and experimental 

270 data are at excitation energies below 1.5 MeV, where the 

271 calculation does neither reproduce the level densities as 

272 obtained from discrete level counting nor their ratio, and 

273 in the excitation energy range between around 1.5 and 

274 4 MeV where the model predicts a local increase in the 

275 level density for both nuclei which is not seen in experi- 

276 ment. 



At excitation energies below 2 MeV, the HFM curves 
show more structure than the experimental curves. One 
possible explanation is the experimental energy resolu- 
tion. Another possibility to explain this mismatch is 
the too approximate treatment of the coupling between 
particle-hole and vibrational excitations implemented in 
the combinatorial HFM model. To check this hypothe- 
sis, we tested a simplistic model to mimic a more realistic 
particle- vibration coupling resulting in a spreading of the 
coupled states by an arbitrarily chosen energy of the or- 
der of a few hundred keV. The HFM curves obtained 
using such a simplistic treatment show, as expected, less 
structure and better agreement with the shape of the ex- 
perimental data. The tested modifications are, however, 
completely arbitrary and have to be investigated and re- 
fined in future work before including them in the general 
HFM calculations. 
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294 IV. GAMMA-RAY STRENGTH FUNCTION 

295 Figure 4 shows the experimental curves of the 7-ray 

296 strength function for 43 Sc, together with the experimcn- 

297 tal data for 45 Sc [2]. As for the level density, the uncer- 

298 tainties for the experimental data points are estimated 

299 mainly based on the number of counts in the Ei vs. E~ 

300 matrices. The similarity of the shapes of the measured 

301 7-ray strength functions of the AA = 2 neighbors is as- 

302 tonishing. A common feature of the curves is that they 

303 both show a minimum at around 3.5 MeV and an increase 

304 of the 7-ray strength function for lower 7-ray energies. 

305 Similar behavior has been observed in other nuclei and 

306 using different experimental approaches [17, 26-28]. 

307 A possible explanation for the case of light nuclei is 

308 the typically low level density at low excitation energy, 

309 in particular the scarcity of higher-spin states, and the 

310 dominance of El radiation. For a higher-spin state - 

311 which can be populated in the particle-induced reaction 

312 -, the de-excitation then needs multiple, smaller-energy 

313 steps to reach one of the available low-spin states at low 

314 excitation energy [29]. 

315 Phenomenological models describing such 7-ray 

316 strength functions shows that the increased 7-ray 

317 strength for low E 7 may have important effects on radia- 

318 tive neutron capture cross sections and thus on r-process 



319 nucleosynthesis calculations [30]. 



320 V. SUMMARY 

321 The nuclear level density and the 7-ray strength func- 

322 tion of 43 Sc have been determined experimentally using 

323 the Oslo method. There is an almost constant factor 

324 between the level densities of 43 Sc and 45 Sc, a behavior 

325 similar to what has been observed in heavier nuclei in 

326 the vicinity of shell closures. The parallel evolution of 

327 the level densities of the two AA = 2 isotope neighbors 

328 can be nearly reproduced within a combinatorial model 

329 for a large excitation energy range. The 7-ray strength 

330 function for 43 Sc is surprisingly similar to the one of 45 Sc, 

331 and it shows an increase at low 7-ray energy which can- 

332 not be explained theoretically as of yet. 
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